+ also bring about activation of methane, though at a lower rate, whereas the bipyridine complex [(CH 3 )Pt(py) 2 ] + does not react with methane at thermal conditions. A detailed analysis of the experimental data by means of kinetic modeling provides insight into the underlying mechanistic steps, but a distinction whether the reaction occurs as σ bond metathesis or via an oxidative addition cannot be made on the basis of the experimental data available.
Introduction
The activation of methane at ambient conditions has been referred to as one of the "holy grails" in catalysis, and model systems which provide examples for thermal reactions occurring with methane are therefore of paramount interest. Ever since the introduction of the seminal Shilov systems [1] , platinum has served as a particularly promising metal for the activation of methane at low temperatures, even though the known procedures are still far from practical applications in large-scale processes [2, 3] .
While solution phase experiments have brought a wealth of knowledge about the activation of methane by transition metal complexes [4] , gas phase experiments can provide a helpful complement to these approaches in revealing the details of the elementary steps involved in the activation of methane [5] . Particularly intriguing in this respect is a recent debate about the relevance of gas phase studies for reactions occurring in condensed media [6, 7] , which dealt with the C-H bond activation of benzene by cationic [(CH 3 )-Pt(L)] + complexes [8, 9] , where L corresponds to a 0932-0776 / 07 / 0300-0309 $ 06.00 © 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com bidentate nitrogen ligand. Here, we describe the reactions of methane with similar [(CH 3 )Pt(L)] + species in the gas phase which are generated directly from solution by means of electrospray mass spectrometry [10] .
Methods
The experiments were performed using a VG BIO-Q mass spectrometer which has been described elsewhere [11] . Briefly, the VG BIO-Q is a commercial instrument, which consists of an electrospray ionization (ESI) source combined with a tandem mass spectrometer of QHQ configuration (Q stands for quadrupole and H for hexapole). In the present experiments, mmolar solutions of dimethyl(1,5-cyclooctadiene)platinum(II) and the desired nitrogen ligand L in pure methanol were introduced through a fused-silica capillary to the ESI source via a syringe pump (ca. 5 µL/min); L = pyridine, 2,2 -bipyridine, and 1,10-phenanthroline. Nitrogen was used as nebulizing and drying gas at a source temperature of 80 • C. Pt, or 196 Pt isotopes were chosen for the various ligands [13, 14] . For CID, the ions of interest were massselected using Q1, interacted with xenon as a collision gas in the hexapole H under single-collision conditions (typically 2 · 10 −4 mbar) at variable collision energies (E lab = 0 -20 eV), while scanning Q2 to monitor the ionic products. The reactivity studies described below were performed at a collision energy adjusted to nominally 0 eV at gas pressures ranging from 1 · 10 −4 to 4 · 10 −4 mbar. In several instances, we already have demonstrated that thermal reactions can be monitored under these conditions [15 -19] , also including gas phase reactions of platinum-containing cations generated via electrospray ionization [13] .
Results and Discussion
Electrospray ionization of [(CH 3 ) 2 Pt(COD)] dissolved in methanol inter alia provides access to the monocationic fragment [(CH 3 )Pt(COD)] + (COD = 1,5-cyclooctadiene). In the presence of an additional nitrogen ligand in the methanolic solution, i. e. L = pyridine (py), 2,2 -bipyridine (bipy), or 1,10-phenanthroline (phen), the COD undergoes partial replacement, thereby offering a simple route for the generation of gaseous [(CH 3 )Pt(L)] + complexes. When using the monodentate pyridine as a ligand, also the bis-ligand complex [(CH 3 )Pt(py) 2 ] + is formed in appreciable amounts under ESI conditions. The CID spectra of the mass-selected [(CH 3 )Pt(L)] + ions are dominated by losses of the nitrogen ligand L as well as an expulsion of methane; as a minor fragment, the protonated base LH + is observed. These results are consistent with the anticipated ion structures and therefore not discussed in any further detail. The purpose of the present experiments was the investigation of the reactions of these ions with methane, where the fully deuterated compound CD 4 is used as a neutral reagent in order to allow a distinction with regard to the methyl group present in the mass
Of For a more detailed analysis of the exchange kinetics, the pressure dependence of the reactions was studied in order to evaluate thermal rate constants as well as accurate branching ratios [20] . Note that consideration of the pressure dependence is particularly important in the case of a degenerate isotope exchange as studied here, because CD 4 is leaked into the hexapole reaction cell at a constant pressure, whereas any CH n D 4−n isotopologs (n = 1 -3) formed in the reaction with the [(CH 3 )Pt(L)] + complexes are rapidly pumped away. Accordingly, the intensity of the D 3 signal proportionally rises with pressure at the expense of that of the D 1 and D 2 signals (Table 1) .
Upon inspection of the data in Table 1 , three conclusions immediately become obvious. (i) The iso- iii) The pressure dependence of the product-ion ratios is obvious and thus requires an extrapolation of the data to the initial branching ratios of the H/D exchange reaction. In many cases, isotope patterns obtained in such mass spectrometric measurements can be analyzed by means of reasonable approximations, in which some parameters are neglected or treated only phenomenologically. In the present case, however, such approximations cannot be made because the relevant kinetic parameters, i. e. the rate of H/D exchange and the rate of product formation appear to exhibit a similar order of magnitude. In order to derive the kinetic parameters of the underlying elementary steps, an explicit kinetic modeling was performed [21 -24] .
To this end, let us consider a plausible mechanistic scenario, which consists of the following steps ( Based on Scheme 1, a kinetic model can be constructed which uses the parameters k add , k diss , and k ex . While kinetic isotope effects associated with H and D atom transfer or the losses of (labeled) methane might also play a role (e. g. KIE ex = k ex,H /k ex,D ), incorporation of other parameters was not pursued any further, because consideration of k add , k diss , and k ex already suffices to reproduce the experimental data within the error margins, such that introduction of further parameters would not be justified. In this context it is noted, however, that the KIEs cannot be very large because the occurrence of extensive H/D exchange is obvious from the mere inspection of the data in Table 1 . Further, several reactions of related Ptcontaining cations have not revealed the operation of particularly large KIEs for the C-H(D) bond activation of methane in the gas phase [13, 25, 26] . The resulting kinetic model can be tested by application of the boundary conditions. Thus, for k ex k diss the statistical distribution is obtained, and for k ex k diss the product ion [(CD 3 )Pt(L)] + is predicted to be formed almost exclusively. Another boundary condition evolving from the experiments is that k add must be much smaller than k diss , because otherwise the formation of a significant amount of adduct complexes would be implied, which is not the case in experiment. Further, + 0.17 ± 0.05 400 ± 50 80 ± 10 5 ± 1 a) See also text for further details; b) overall rate constants relative to the reaction for L = py; c) rate constant of the H/D exchange within the adduct complex relative to the rate constant for adduct formation; d) rate constant for dissociation of the adduct complex relative to the rate constant for adduct formation.
the kinetic modeling also allows the inclusion of secondary exchange reactions of the primary product ions with the neutral CD 4 present in a large excess, thereby permitting the determination of the intrinsic kinetic parameters associated with single-collision conditions. Table 2 summarizes the kinetic parameters derived from the data given in Table 1 . The first implication of these findings is that the pyridine complex reacts about five times faster compared to the complexes of bipy and phen, which can be attributed to the fact that the monodendate pyridine leaves the metal cation more reactive compared to the bidentate bipy and phen ligands. With regard to the intrinsic parameters of the H/D exchange processes, the behavior of all three complexes is qualitatively similar in that (i) k ex as well as k diss are both much larger than k add and (ii) k ex exceeds k diss as already implied upon inspection of the raw data in Table 1 + , the product distribution is still far from statistical. The reason why H/D exchange is incomplete even for a value of k ex /k diss = 25 lies in the large difference between k add and k diss , such that the amount of the primary exchange product [(CD 3 )Pt(L)] + exceeds that which would be predicted for statistical H/D exchange. Interestingly, H/D exchange is most pronounced in the case of the bipyridine complex. Although a more profound insight would require much more detailed studies, and preferentially also the inclusion of quantum-chemical treatments, as a plausible explanation we propose that the higher flexibility of the bipy ligand in comparison to phen [27] leads to an increased lifetime of the intermediate methane complexes, which would result in an increased k ex /k diss ratio and thus enhance the amount of H/D exchange.
Despite the insight into the relative rate constants achieved this way, the present experimental findings Scheme 2. Key structures involved in the H/D exchange of methane via σ bond metathesis and oxidative addition, respectively.
do not permit any conclusion with regard to the actual reaction mechanism. Specifically, the cleavage of the C-H bond in the methane ligand coupled with the formation of a new C-H bond to the methyl carbon atom can occur via two fundamentally different routes: either σ bond metathesis in which bond cleavage and bond formation occur simultaneously without any change of the oxidation state of the metal center, or oxidative addition, which leads to a formal Pt(IV) intermediate and thus a stepwise sequence for bond cleavage and bond formation (Scheme 2).
Last 
Conclusions
Electrospray mass spectrometry offers a simple way for the generation of gaseous [(CH 3 )Pt(L)] + complexes with the three representative nitrogen ligands L = pyridine, 2,2 -bipyridine, and 1,10-phenanthroline. All three [(CH 3 )Pt(L)] + complexes are capable of activating methane in thermal ion/molecule reactions, as demonstrated by the occurrence of H/D exchange when using CD 4 . Of these complexes, [(CH 3 )Pt(py)] + with the monodendate pyridine as a ligand is about five times more reactive than the complexes with the bidentate nitrogen donors bipy and phen, which can be attributed to the lower coordination of the platinum center in [(CH 3 )Pt(py)] + . Interestingly, however, the related complex [(CH 3 )Pt(py) 2 ] + is unable to activate methane at thermal conditions, although its coordination may formally be considered similar to the complexes of bipyridine and phenanthroline.
